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Cosmic voids, the underdense regions in the universe, are particularly sensitive to diffuse den-
sity components such as cosmic neutrinos. This sensitivity is enhanced by the match between
void sizes and the free-streaming scale of massive neutrinos. Using the massive neutrino simula-
tions MassiveNuS, we investigate the effect of neutrino mass on dark matter halos as a function
of environment. We find that the halo mass function depends strongly on neutrino mass and that
this dependence is more pronounced in voids than in high-density environments. An observational
program that measured the characteristic mass of the most massive halos in voids should be able
to place novel constraints on the sum of the masses of neutrinos
∑
mν . The neutrino mass ef-
fect in the simulations is quite strong: In a 5123 h−3 Mpc3 survey, the mean mass of the 1000
most massive halos in the void interiors is (4.82 ± 0.11) × 1012 h−1M for ∑mν = 0.6 eV and
(8.21± 0.13)× 1012 h−1M for ∑mν = 0.1 eV. Subaru (SuMIRe), Euclid and WFIRST will have
both spectroscopic and weak lensing surveys. Covering volumes at least 50 times larger than our
simulations, they should be sensitive probes of neutrino mass through void substructure.
I. INTRODUCTION
The masses of the neutrinos are the last unknown
parameters in the Standard Model of particle physics.
Particle physicists have measured the mass splitting be-
tween neutrino mass eigenstates [1, 2]; however, the total
neutrino mass remains unknown. Cosmological observa-
tions can complement laboratory experiments by mea-
suring the total mass of all three neutrino species,
∑
mν ,
through its effect on large-scale structures. Within the
context of the ΛCDM model, the current best constraint
of
∑
mν based on cosmological measurements is given
by [3] which concludes that
∑
mν < 0.12 eV (95% CL), a
result derived from combined Planck Cosmic Microwave
Background (CMB), CMB lensing, and baryon acous-
tic oscillations (BAO) information. More recently, sim-
ulation studies (such as [4–6]) demonstrate that cosmic
voids are sensitive to massive neutrinos, which can be
used as a new probe of the total neutrino mass. With
the availability of an increasing amount of observational
data from the sparse regions in the universe, voids offer
new insights into neutrino properties complementary to
other cosmological studies.
Voids have been used to probe various cosmological
properties. Past works used void properties to constrain
Ωm and the linear growth rate of structures [see e.g.
7–10]. Studies of void properties are shedding light on
our understanding of dark energy as the shape, number
count, and density profile of voids have been shown to
be sensitive to the properties of dark energy [7, 11–22].
In addition, because the environments inside voids are
relatively simple compared to that of the densely clus-
tered regions in the universe, void galaxies have a gentler
history with less harassment, ram pressure stripping or
other environmental effects [12, 23–27]. In this paper,
we discuss how void substructure and, in particular, the
dark matter halos in voids can potentially help constrain
the total neutrino mass.
Neutrinos are the only standard model particles that
were relativistic during recombination but became non-
relativistic during structure formation later in time [28].
The effect of neutrinos on structure growth depends on
the free-streaming length, which is a function of their
mass [29]. At scales above their free-streaming length,
neutrinos cluster the same way as cold dark matter and
their masses have little effect on structure growth. How-
ever, at scales below their free-streaming length, they
suppress the growth of structures. The free-streaming
length of neutrinos is comparable to the size of voids,
making voids attractive candidates for probing the neu-
trino mass observationally. For example, the neutrino
free-streaming length is approximately 34 h−1Mpc if∑
mν = 0.6 eV and 121 h
−1Mpc if
∑
mν = 0.1 eV [29].
In our study, we use N-body simulations with varying∑
mν to explore the effects of massive neutrinos on the
halos within void. We separately search for halos in voids
traced by dark matter halos and in voids traced by cold
dark matter (CDM) particles, which have been shown
to exhibit different properties [5]. In order to verify our
results, we perform the same analysis on the halo pop-
ulation of voids built from the halos and of voids built
from the CDM particle field. In both cases, we find that
the effect of massive neutrinos on the halo mass function
in voids is more prominent than that on the population
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2of all halos in the simulation. Thus, we show that halo
mass information in voids has the potential to tighten
the constraint on
∑
mν .
In this paper, we begin by discussing the details of
the N-body simulations, the void finder, and our method
to search for void halos in Sec. II. Then in Sec. III, we
present the results of the effects of massive neutrinos on
halo mass functions of various halo populations. Finally,
we discuss in Sec. IV the implications of our results on
future works and how they can be used in combination
with observations to constrain the total neutrino mass.
II. ANALYSIS
In our work, we use halo information generated
by the Cosmological Massive Neutrino Simulations
[MassiveNuS, 30] with different neutrino mass inputs.
To locate the voids in MassiveNuS, we use the publicly
available Void IDentification and Examination [VIDE, 31]
code.
The MassiveNuS consist of 101 N-body simulation cos-
mologies with varying values of
∑
mν , the matter density
today Ωm, and the primordial power spectrum fluctua-
tion amplitude As [30]. The simulations assume a flat-
ΛCDM universe. In our analysis, we use two fiducial sim-
ulations:
∑
mν = 0.1 eV and
∑
mν = 0.6 eV. All other
cosmological parameters are fixed at As = 2.1 × 10−9,
Ωb = 0.05, h = 0.7, and w = −1. Each simula-
tion contains 10243 particles in a (512 h−1Mpc)3 box
with periodic boundary conditions. The simulation code
adopted a modified version of the tree-particle Mesh code
Gadget-2 [32], where neutrinos are treated as a linear
perturbation term to the matter density, but its evolu-
tion is sourced by the full nonlinear matter perturbation.
We use the snapshots and halo catalogues at z = 0 and
z = 1 in our analysis.
The publicly available void finder VIDE is used to iden-
tify the voids in each simulation. VIDE performs Voronoi
tessellation and watershed transform on the CDM parti-
cle distribution or the halo distribution to find voids [31].
VIDE makes no assumption of spherical shapes for voids,
but for simplicity, we quote a radius for each void, which
is the radius of a sphere with an equivalent volume. To
reduce the computational cost associated with running
the void finder on the full CDM particle distribution, we
subsample 1% of the particles when tracing voids with
CDM particles. Similar to the parent halo and sub-halo
relation, large voids may contain small voids. To avoid
overlapping voids, we only include the top-level voids
(“level”= 0 in the VIDE catalogue). These parent voids
contain sub-voids that have been merged with the water-
shed transform, whenever the ridge-lines separating two
sub-voids have densities below 0.2 times the mean parti-
cle density.
Next, we search for halos within half of the radius
from each void center, and hence exclude the halos near
void walls that may experience complicated galaxy for-
mation processes. We refer to these halos as “void ha-
los.” We study the halo mass function of these void ha-
los and that of the whole halo population (“all halos”
hereafter), for the two massive neutrino cosmologies of∑
mν = 0.1, 0.6 eV. We then compare the mean virial
mass (〈Mvir〉) of the N most massive halos, where we
vary N from 100 to 1000.
III. RESULTS
For both all halos and void halos, we find that increas-
ing the neutrino mass leads to a decrease in the number
of massive halos, which is expected as massive neutrinos
suppress the growth of structures. More importantly,
this effect is more pronounced in the void halo popula-
tion than in all halos at late time. Thus, we propose the
halos found in void interiors to be a promising tool to
constrain the neutrino mass sum.
In Fig. 1, we show the halo mass function [33, 34] of all
halos and of the void halos, for two different values of neu-
trino mass sum. The halo mass functions are normalized
using (1) the volume of the simulation box for all halos
and (2) the total volume of spheres of half void radii, as
used in our void halo search, for the void halos. We show
the Poisson error
√
Nbin where Nbin is the number count
in each bin normalized by the respective volume. To ex-
amine the effect of massive neutrinos, in the lower panels
of Fig. 1, we plot the ratios of the halo mass function of∑
mν = 0.6 eV to that of
∑
mν = 0.1 eV, for both all
halos and void halos at z = 0 and z = 1. The shaded
regions represent the 68% credible regions1.
While we see a decrease in the number density of halos
as a function of mass for both all halos and void halos,
this trend is more significant for void halos than for all
halos at z = 0. Neutrinos consist of a larger fraction
of the matter density in voids than in denser regions,
and this difference is more significant at z = 0 than at
z = 1 as the neutrino mass effect is accumulated across
time. We test our results using voids traced by halos
and by CDM particles. The halo-traced voids are more
accessible in observations, but are impacted by halo bias
which can mimic the neutrino effect [5, 22]. We find the
same suppression effect on the halos in CDM particle-
traced voids as in halo-traced voids, and the amplitude
is stronger in the former population, verifying that our
findings are not an artifact of halo bias.
Observationally, the halo mass function for void halos
is difficult to determine due to their scarcity. Therefore,
we propose a simpler statistic — the average mass of
1 To determine the errors in the ratio plots (lower panels), we ran-
domly draw 200 samples from a Gaussian distribution with the
same mean and standard deviation as the halo mass function, for
each halo population, and then take the same ratios. The lower
and upper errors are the 16 and 84 percentiles in the distribution,
respectively
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FIG. 1. Upper panels: Halo mass functions of all halos (blue) and of void halos (halo-traced voids: magenta; CDM particle-
traced voids: green) in the
∑
mν = 0.1 eV (solid lines) and
∑
mν = 0.6 eV (dashed line) simulations at z = 0 (left) and z = 1
(right). Lower panels: Ratios of the halo mass functions from the
∑
mν = 0.6 eV simulation to that of the
∑
mν = 0.1 eV
simulation for the three halo populations. The void halos consist of halos found within half of the void radii from the void
centers.
N most massive halos 〈Mvir〉. In practice, we would
measure the average mass of the N most luminous halos
and rely on the relatively small scatter between stellar
luminosity and mass implied by the Dn–σ relation and
the Tully-Fisher relation. In Fig. 2, we show the mean
virial mass of the N most massive halos as a function of
N , for all halos and void halos at z = 0 and z = 1. The
shaded regions represent the 68% credible regions2. The
2 The errors for void halos are the standard deviation of 1,000
bootstrapped samples from the full void halo population. To
obtain the error for all halos that are normalized to the same
volume as the void halos, we first draw 100 random cubes in
the simulation box, each with volume equivalent to the total
void search volume. Within each cube, we then bootstrap 100
reduction in the mean halo mass, due to the increase of
neutrino mass from 0.1 eV to 0.6 eV, is larger in halo-
traced void halos (e.g. by 50% for N = 100) than in
all halos (by 30% for N = 100) at z = 0. Our results
demonstrate that void halos can potentially be a powerful
tool for constraining the neutrino mass.
halo samples, each with the same number of halos as the total
number of void halos. The errors are the standard deviation of
the 10,000 resulting random samples. In the ratio plots (lower
panels), The lower and upper errors are the 16 and 84 percentiles
in the distributions, respectively.
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FIG. 2. Upper panels: The mean mass of the N most massive halos as a function of N for all halos (blue) and void halos
(halo-traced voids: magenta; CDM particle-traced voids: green) in the
∑
mν = 0.1 eV (solid lines) and
∑
mν = 0.6 eV
(dashed line) simulations at z = 0 (left) and z = 1 (right). Lower panels: The ratio of the mean masses in the
∑
mν = 0.6 eV
simulation to that in the
∑
mν = 0.1 eV simulation. The void halos consist of halos found within half of the void radii from
the void centers.
IV. CONCLUSIONS
Using the halo and void information in MassiveNuS,
we analyze the effect of neutrino mass on the mass func-
tion of void halos in comparison to that of the whole halo
population. We performed the same analysis using two
different void populations — voids traced by cold dark
matter particles and voids traced by halos. In both cases,
our results show that the void halo mass function is more
sensitive to neutrino mass than the halo mass function of
the full simulation. The difference in the mass of void ha-
los is shown to be highly statistically significant between∑
mν = 0.1 eV and
∑
mν = 0.6 eV within our simu-
lation box of volume 5123 h−3Mpc3. For example, if we
stack the 1000 most massive halos in void interiors from a
survey of size 5123 h−3Mpc3, the characteristic void halo
mass should be (4.82±0.11)×1012 M for
∑
mν = 0.6 eV
and (8.21± 0.13)× 1012 M for
∑
mν = 0.1 eV.
In summary, void halos present a promising way to
probe the total mass of neutrinos. Observationally, voids
can be identified using galaxy distributions, and the mass
of halos within them can be measured from stacked weak
lensing signals [35–37]. Both will be available in high pre-
cision from upcoming surveys such as the Subaru Mea-
surement of Images and Redshifts (SuMIRe), Wide Field
Infrared Survey Telescope (WFIRST), and Euclid sur-
veys. In this work, we explore the simple case of halos
within half of the void radius. In the future, alternative
definitions of void halos, such as halos within different
radii or non-spherical boundaries, should be explored.
To realize the potential of void halos, the degeneracy be-
tween neutrino mass and other physical effects such as
5baryons also needs to be carefully examined. In addi-
tion, we expect halos in voids to experience different and
likely milder baryonic effects than those in overdense en-
vironments [38], and hence they can be a valuable con-
sistency check against results obtained using the general
halo population as typically done.
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